Detailed examination of inter-and supratidal delta and¯oodplain sediments exposed in eroding bank sections at 52 locations along the Squamish River estuary provides the basis for recognizing seven distinct facies within the 5500 m-long estuary. Estuary sedimentation is initially driven by the development of sand bar complexes along the seaward edge of the intertidal delta. Sedimentation continues within interdistributary bay environments as intertidal sand¯ats and then tidal marshes develop. Aggradation of the delta within interdistributary bay environments results in a gradual transition from delta to alluvial plain. Of the seven facies identi®ed, only the intertidal sands and tidal marsh deposits provide evidence of their tidal origin.
INTRODUCTION
The interaction of¯uvial and marine processes in estuarine reaches of rivers produces depositional sequences which cannot be classi®ed as simplȳ uvial or marine in origin. Furthermore, these dynamic systems are not accurately described by generalized spatially static models because of changes in the relative in¯uence of river and tides on sedimentation along the axis of the estuary. Despite this, few papers have attempted to characterize the sedimentology of¯uvial-marine transitions within contemporary estuaries (King, 1980) , and sedimentary models of these transitional environments are poorly developed (Nichols & Biggs, 1985) . This paper presents results of an examination of the inter-and supratidal deposits of the Squamish River estuary in south-western British Columbia, Canada. The purpose here is to describe the cap of Squamish delta sediments which de®ne the¯uvial domain that is affected by tides, and not to make broader observations of deltaic stratigraphy. Our speci®c aim is to determine whether changes in the relative in¯u-ence of river and tides along the tidal gradient Sedimentology (1997) 44, 1031±1051
Ó 1997 International Association of Sedimentologists can be detected in the exposed delta/¯oodplain deposits.
Research in modern estuaries
Estuarine deposits characteristically display the transition from¯uvial to marine environments vertically (at a single site) and longitudinally (parallel to the axis of the estuary). While there are numerous studies of the vertical transition within modern, recent and ancient estuaries, there are relatively few studies which have examined the longitudinal component of change within a contemporary environment. Some of these studies are brie¯y described below.
Some of the earliest English language papers to speci®cally examine the changing sedimentary character of deposits across the¯uvial-marine gradient were presented in a special issue of Senckenbergiana Maritima in 1975. Do È rges and studied indicators of the¯uvial-marine transition in Ogeechee River estuary and were able to delineate six depositional environments from an examination of primary physical and biogenic sedimentary structures and textures. These environments recorded the transition from uvial-dominated, through estuarine, to marine conditions, and each contained characteristic sedimentary structures as shown by Howard and Frey (1975) . studied a series of cores taken from ®ve point-bars within the Ogeechee River estuary and subdivided it into lower, middle, and upper regions on the basis of chemical and hydrographical characteristics. Sedimentary structures and textures in point bars changed along the length of the estuarine river, but the authors did not attempt to produce idealized facies sequences for the estuarine regions that they established. Jackson (1978) noted that the epsilon crossstrati®ed (ECS) deposits of modern point-bars were dominated by sand, whereas most ECS reported from ancient sequences contained regularly interbedded shales within sandstone. This discrepancy prompted Smith (1987) to investigate point-bar deposits forming in several different contemporary environments. He examined pointbars within low and high-energy rivers, and within estuaries with varying degrees of tidal in¯uence, and noted that several lithostratigraphic trends existed within meandering river pointbar deposits. Smith (1987) combined his research in meso-tidal point-bar environments with thē uvial sandy point-bar model (Allen, 1970; Walker & Cant, 1984) and research in low-energy meandering streams (Jackson, 1981; Calverley, 1984) . From this he proposed a threefold lithofacies classi®cation of meandering river point-bar deposits. The most important diagnostic criteria used to identify increasing tidal in¯uence within oodplain deposits are discussed below. In purely¯uvial reaches of rivers, point-bar deposits were dominated by sand and were capped with a thin unit of overbank ®nes, and facies successions generally recorded the trends discussed by Allen (1970) . With increasing distance downstream (increasing tidal in¯uence), mud became increasingly important in the ECS of point-bar deposits (Smith, 1987) . In upstream transitional reaches these mud layers seemed to be randomly spaced in section, but with increasing tidal dominance they appeared much more rhythmic throughout, and eventually dominated the sequence (Thomas et al., 1987) . Further evidence of tidal in¯uence was the presence and extent of bioturbation, which increased with greater marine in¯uence Smith, 1987) . Smith (1987 Smith ( , 1988a also noted that, with increasing tidal in¯uence (and with increasing tidal range), overbank ®nes thickened.
Smith further noted that each of these styles can occur within one¯uvial-estuarine system, and that transitions from one facies style to another do occur. This early research by Smith was later re®ned by Thomas et al. (1987) , and Smith (1988a Smith ( ,b, 1989 ). This work is particularly relevant to the present study as it modelled sedimentological change along the¯uvial-estuarine reach of a river, and was the ®rst to develop a classi®cation of tidal in¯uence based on facies sequence.
Since 1987 few authors have continued this line of sedimentological investigation in estuarine reaches of rivers. The most recent sedimentological studies of modern¯uvial-marine transitions were undertaken by Allen (1991) , Nichols et al. (1991) , and Cooper (1993) . Allen (1991) reported that distinct facies were present within each of three zones within the Gironde Estuary: upper estuary channel, estuarine channel, and inlet. These typical facies re¯ected transitions from¯uvial to tidal to tide-wave energy regimes. Fluvial point-bar deposits were dominated by gravel and sand overlain by siltyclays. With increasing in¯uence of tides, pointbar deposits contained numerous mud interbeds and¯asers and the overbank ®nes thickened. Further sedimentological indicators of tidal inuence were clay clasts, tidal bundles, reactivation surfaces, clay drapes, and bi-directional cross-beds found in sand bars within the estuary funnel. Very similar observations were reported by Allen and Castaing (1993) in their investigation of the¯uvial±marine interface in the Garonne valley ®ll. Nichols et al. (1991) examined facies within the microtidal James Estuary from the bay mouth to the meandering tidal river and divided the estuary into three morphological compartments. The authors concluded that no structures were either limited to, nor uniquely characteristic of any of the three zones. Nichols et al. (1991) concluded that facies appeared more variable and complex within the meander zone than at locations further seaward. They attributed this to increased energy conditions and sediment supply within this zone of greatest¯uvial in¯uence.
The work of Smith (1987) , and Thomas et al. (1987) prompted a search for analogous¯uvial-marine estuarine transitions in the rock record. Rahmani (1988) reported indicators of tidal inuence in a Late Cretaceous channel-®ll sequence in Drumheller, Alberta, the most important of which were current bimodality (de Raaf & Boersma, 1971) , mud couplets and tidal bundles (Visser, 1980) , and rhythmic mud interbeds within the point-bar ECS (Smith, 1987; Thomas et al., 1987) . Rahmani (1988) mapped the lateral and vertical facies relationships exposed along this valley, which recorded a gradual change from uvial, through coastal plain, to marine depositional environments. These facies relationships have been documented previously for modern (Jouanneau & Latouche, 1981) and recent (Oomkens & Terwindt, 1960) estuarine environments.
Some of the most recent and relevant sedimentological research within an estuarine environment is that of Cooper (1993) , who lamented the paucity of data on sedimentation within riverdominated estuaries. Cooper worked within the Mgeni estuary, South Africa, which he described as a spatially static (not prograding) feature and classi®ed it as a valley-®ll sequence as opposed to a delta. Cooper (1993) argued that river-dominated estuarine morphology is controlled spatially and temporally by the river, a view which is at odds with the tripartate division of estuaries by Dalrymple et al. (1992) , in which the central zone is de®ned as that region where¯uvial and marine energy balance in the long term. Cooper (1993) maintains instead that within river-dominated estuaries this central zone is completely¯uvially dominated, resulting in an estuarine sequence which displays only a bipartate longitudinal division of facies.
The above discussion reveals that estuarine sedimentation and depositional product are poorly understood. There is a need to expand the range of environments under study, as we are not yet able to fully evaluate the speci®city of estuarine models. For example, it is not known whether point-bar deposits within high-energy river-dominated estuaries are adequately described by the tripartate lithofacies classi®cation model developed by Smith (1987) , although a preliminary study by Smith (1989) indicated that this may be of limited value in river-dominated systems.
There is a need for greater understanding of the full range of estuary types. Dalrymple et al. (1992) proposed a conceptual framework for estuarine classi®cation based on a geologically orientated de®nition of an estuary. The authors stated that one of the primary distinguishing features of an estuary (as opposed to a delta) is the landward movement of sediment derived from a marine source. An estuarine classi®cation system was proposed which contained wave and tide-dominated categories, but not a river-dominated category. The authors justi®ed this by stating that riverine in¯uence primarily determines sedimentation rate, but does not control the system morphology, and presumably (though this was not explicitly stated) neither does it control sedimentary sequence.
It is clear that there are a number of estuarine environments which cannot be classi®ed as estuaries under the proposed classi®cation system of Dalrymple et al. (1992) . One example is the fjord-head delta environment which develops estuaries, yet which most commonly contains progradational deltas built by a dominant seaward movement of¯uvially derived sediment. Within these and other systems where riverine processes dominate, it seems highly unlikely that the river does not control system morphology and sedimentary sequence. One of the questions that remains is to what extent river and tides in¯uence sedimentation within river-dominated estuaries.
STUDY AREA
Squamish River enters the head of Howe Sound fjord, around 40 km north of Vancouver. The Squamish valley is a 150 km-long glacially cut, fault-orientated valley running north-east-southwest within the Coast Mountain Range of British Columbia. Where Squamish River discharges into the fjord, all river¯ow is con®ned to a single channel on the western side of the delta (Fig. 1) . The Mamquam River con¯uence marks the limit of the riverine estuary (the upstream limit of tidal ux) and the upstream boundary of the study area. Squamish delta is divided into a number of sectors or distinct interdistributary bay environments labelled West, Central, and East Deltas in Fig. 1 . Squamish River¯ow is now prevented from entering the central distributary channel by a dyke which was completed in 1972, also shown in Fig. 1 .
The tidal regime of Howe Sound and Squamish estuary is mixed semi-diurnal, typical of the Paci®c coast. Average and maximum tidal ranges are 3á2 m and 5á1 m, respectively, classifying this estuary as macrotidal (Hayes, 1976) . The length of the riverine estuary and the degree of tidal in¯uence vary seasonally; during winter months tidal amplitudes are smallest but have considerable in¯uence on the small river¯ows at this time of year. In winter the estuary extends 5500 m upstream to the con¯uence of Squamish and Mamquam Rivers, and the salt wedge may extend 1500 m upstream (Levings, 1980) . During summer months tidal amplitudes are greatest, yet tides are less able to modify river¯ow because high discharges caused by melting snow and ice in the alpine zone (freshet¯ows) effectively dampen tidal in¯uence. In summer the estuary is shortened and the salt wedge is pushed out of the river altogether when discharges exceed 500 m 3 s A1 (Levings, 1980) . Mean annual discharge for Squamish River is about 300 m 3 s
A1
, although discharges are highly seasonal. Mean summer and winter¯ows typically vary from 600 m 3 s A1 ±100 m 3 s A1 , respectively (Hickin, 1989) . In summer months discharges peak in association with the snowmelt freshet'. A second peak in Squamish mean monthly¯ow commonly occurs between September and February when intense rainstorms fall on ice ®elds and frozen ground, yielding¯ows that are larger (but of shorter duration) than summer freshet'¯oods.
METHODS
Inter-and supratidal deposits are exposed along vertical channel banks throughout most of Squamish River estuary. These deposits were examined and logged in detail at 52 locations within the study reach so that gradual changes in their character could be investigated. The average thickness of the sections examined was around 3 m.
Once data were collected at each site the ®eld notes, photographs, stratigraphic sections and sedimentological data were examined and deposits were assigned to a number of distinct facies. Facies identi®cation and interpretation were based on detailed examination of composition, sedimentary structure, bedding characteristics, sediment grain-size, and colour (Miall, 1984; Bridge, 1993) . Interpretation was also based on an examination of vertical facies associations (Walker, 1984) and lateral facies variability (Reading, 1986) .
Sediment samples were collected and analysed for each facies at each logged site. This faciesscale sampling enabled the mean grain-size characteristics of each facies to be determined, enabled the identi®cation of trends within facies (such as ®ning-upwards sequences), and facilitated more accurate presentation of section data. A simple yet accurate analysis of sediment-size was performed in the ®eld using a particle-size analysis card and hand lens, as described by Miall (1984) . Analyses of the ®ne-grained facies (those with silts and clays) were more complex and precise. For these facies the sand, silt and clay content of each sample were determined with sieves and a model 5000D SediGraph particle-size analyser. Details of the collection, preparation and analyses of samples are given in Gibson (1994) .
RESULTS
The following sections present the ®ndings of detailed stratigraphic and sedimentological analyses of delta plain and alluvial plain sediments observed in sections along the banks of Squamish River estuary. A total of seven facies have been identi®ed throughout the estuarine reach, and these are described below in order of their occurrence from bottom to top of sequence. The location of sites at which sediments were examined is shown in Fig. 2 , together with diagrammatic representation of section appearance at 20 representative sites along the estuary, producing a longitudinal section of the Squamish estuary stratigraphic sequence. Sequences along the upper reaches of the estuary which are not shown in this ®gure comprise only clean coarse sands and gravels as observed at site 20 (Fig. 2) .
Facies A: Cross-bedded sand and gravel Facies A deposits are dominantly coarse sands that contain gravels and some ®ne sands. The coarse sands display planar cross-bedding (with bed thicknesses up to 20 cm) and contain discrete layers and lenses of gravel and pebbles which are all well-rounded. The contacts between these sand and gravel beds are always abrupt and are occasionally erosional. Foreset beds within the coarse sands have high angles of dip (up to 35°) and indicate that these bedforms were migrating down-valley. Topset beds are only occasionally preserved. Numerous medium and ®ne-grained sand beds and¯asers occur within the coarse sands. These have highly irregular and abrupt bounding surfaces and are laterally and longitudinally discontinuous. These deposits occasionally contain large trees and clean root wads, but otherwise contain few smaller organics such as the coffee-ground organics reported in many estuarine environments. In a number of cases ®st-sized mud clasts of clean silty ®ne sand were found within this facies.
Facies A deposits form the basal facies in all estuarine sequences; their upper surface lies just above low-tide level, while their lower contact was never reached. Along the lower 3300 m of the estuary these deposits are overlain by Facies B, and the contact between these is abrupt and wavy, but is not erosional. Upstream from this point Facies A are always overlain by Facies F. Facies A occurs at the base of all sequences across the delta and at all locations within (and above) the riverine estuary.
Interpretation
Facies A sand and gravels are Squamish River bedforms which were laid down within sandbar complexes along the shallowing delta front. The erosional surfaces within these sands were produced as bedforms migrated over an aggrading bed. The sediment size and megaripple height Intertidal estuarine sedimentology 1035 indicate that these deposits were laid down in channel proximal locations during periods of high river discharge. All evidence indicates that these deposits could not have formed within an abandoned distributary channel environment. These deposits likely extend another 4 or 5 m below low-tide level based on present channel depth.
The mud clasts found in these sediments were derived from Facies B, and indicate that the channel was actively eroding sediments locally, a process which is occurring today. These platelike mud clasts are commonly recorded in estuary and delta environments, where they become concentrated as lag at the base of estuarine and tidal channel ®lls (van Straaten, 1959; Oomkens & Terwindt, 1960; Bosence, 1973) , or as with this case, where they are present within the sandy foresets of estuarine channel large-scale crossbedded deposits (Land & Hoyt, 1966; Van Beek & Koster, 1972; Goldring et al., 1978) .
Facies B: Finely laminated sand and silt
This facies is comprised of material ranging in size from clay to medium sand, and has a banded appearance produced by the rhythmic alternation of light (silt and clay) and dark (®ne to medium sand) beds. Shells and shell fragments are occasionally found within these sediments. The parallel wavy beds are of variable thickness within and between sites, and are shown in Fig. 3 . Figure  3 shows these deposits at site 8 (Fig. 2 ) and reveals that both coarse and ®ne-grained beds contain rhythmic alternating light and dark laminae or groups of laminae which vary in thickness from 0á01 cm to 2á5 cm. The darker laminae are ®ne to medium sand with parallel wavy bedding, ripple foreset beds, climbing ripple lamination (in-drift; McKee, 1965) , and complete ripples preserved in trains. The lighter laminae are silts and clays which are thinner than sand laminae and which display ®ne parallel laminations. These take on the form of the underlying sand, and so may appear wavy, but the silt/clay laminae never display any form of ripple bedding. The lower contact of the silt/clay layers most often is abrupt but may occasionally be gradual, while the upper contact (to overlying dark laminae) is always abrupt and sharply de®ned. Many of the features described here are shown in Fig. 4 , which was taken at an eroding bank section at site 9 (Fig. 2) .
Comparison of Fig. 3 and Fig. 4 shows that Facies B deposits differ in appearance at different locations within the estuary. At certain sites the deposits contain high proportions of clay and are mostly parallel-laminated (Fig. 3 ), whereas at other sites sediment-size is generally coarser, sand beds are thicker and display a greater proportion of ripple bedding forms (Fig. 4) .
Facies B sediments are abruptly underlain by Facies A, and are gradationally overlain by the silty rhythmites of Facies C. Towards the base of Facies B,¯aser and lenticular bedding may be present. Towards the upstream limit of these deposits, ®ne (sometimes discontinuous) parallel organic layers and occasional coarse sand interbeds are present. These organic layers gradually become more distinct up-section and the sediment rapidly ®nes upward to a silty ®ne sand. This marks the transitional region between Facies B and C. Facies B is present across the entire delta, but pinches out around 3300 m upstream from the river mouth between sites 19 and 20 (Fig. 2 ).
Interpretation
The parallel-bedded sand and silts of Facies B are intertidal sand¯at deposits which were laid down within interdistributary bay environments. These deposits are forming within the intertidal zone of the present delta. The ®ne rhythmic laminated bedding (Reineck, 1967) is produced by tidal¯ux and so is more accurately described as tidal bedding (Johnston, 1922) . The silt/clay laminae were deposited during high-tide periods while the coarser laminae were laid down during periods of falling tide and most of the rising limb of the following high-tide, when river¯ow was less slowed by tides. Although¯uctuations in current velocity are capable of producing ®nely laminated bedding within¯uvial environments, this is not considered the mode of origin of these deposits. The alternation of sand and silt is too rhythmic, and facies thickness too great (up to 182 cm) to have been produced by river current activity alone.
All evidence indicates that these deposits record neap-spring tidal cyclicity, although not at all locations within the riverine estuary. If this postulation is correct then each of the darker coarser beds seen in Fig. 3 were deposited over the tidal neap, whereas dominantly lighter ®ner beds were deposited over the tidal spring. The decrease in energy conditions caused by the greater tidal amplitude during the spring tide, is indicated by the greater concentration of ®nes in sediments deposited over this period and by the reduced rates of sedimentation (darker beds are thinner than lighter beds). If this interpretation is correct then the sedimentation rate at the location shown in Fig. 3 is around 100 cm year A1 and is between 160 and 190 cm year A1 at the location shown in Fig. 4 . Local differences in the sedimentation rate and visual appearance of these deposits is caused by several factors which include the distance away from the active channel (tidal modi®cation of ow increases with greater distance from the river), and the season of deposition, because tidal amplitude, river discharge and sediment yield display high seasonal variability. Although these rates of sedimentation are quite large, they are not unusual given the high input of sediments from Squamish River. The suspended-sediment loads of Squamish River for 1974 and 1975 were estimated at 2á334´10 9 and 2á653´10 9 kg, respectively, by Hickin (1989) . These sedimentation rates are much lower than those identi®ed within modern and ancient tidal¯ats elsewhere (for example Dalrymple et al., 1991; Lanier et al., 1993) .
Further evidence that Facies B sediments record tidal cyclicity is provided from a count of the Fig. 4 . Facies B deposits exposed in bank section along the edge of Squamish West Delta at site 9 ( Fig. 2) showing ®ne alternation of sand and silt/clay laminae within beds which are thicker than those shown in Fig. 3 . Toward the lower left corner of this photograph are a series of ripples forming part of a ripple train which was migrating from left to right (downstream to upstream). Rule is 20 cm long. Fig. 2) . At this location these deposits are 90 cm thick (not all shown here), and the rhythmic alternation of lighter ®ner and darker coarser beds is quite distinct. Each of these beds contains ®ne rhythmic alternating light and dark laminae which are silts and clays, and ®ne to medium sands, respectively. This is seen best in the darker bed by the centre of the rule which is 20 cm high.
laminae within a single bed. This coarser bed, which is shown near the centre of the rule in Fig. 3 , comprises 14 sand laminae which alternate with 14 silt/clay laminae. This number is in accordance with the theoretical number (28á5) of rising and falling tides over a one week period within a semi-diurnal system such as this (Visser, 1980) . The bed is 2á5 cm thick and most likely was deposited over a period of one neap tide (one week).
The presence of preserved ripples within Facies B deposits may be an important indicator of the environment of deposition of these sediments, as evidence of reversing current activity is one of the key indicators of tidal environment (Ginsburg, 1975) . Unfortunately, however, detailed analyses of ripple indices such as the ripple index and ripple symmetry index (Tanner, 1967) failed to determine whether the ripples seen in Fig. 4 were formed by reversing tidal currents or by windgenerated waves moving across intertidal sands (Gibson, 1994 ).
Facies C: Silty rhythmites
This facies consists of alternating layers of clastic sediment and layers dominated by organics. The organic layers are of sensibly constant thickness throughout the facies (around 0á1 cm thick), and comprise a mat of¯attened Carex lyngbyei sedge. These alternate with layers of sediments which range in size from silty-clay to sandy-silt, and which contain occasional vertical sedge stems. One of these inorganic layers and one of the organic-rich layers form one rhythmite bed, which may be considered a couplet. These may be traced for tens of metres. The parallel rhythmite beds increase/decrease in thickness and height in section (relative to mean sea-level) both parallel and perpendicular to contemporary river¯ow. This variable elevation of beds produces something similar in appearance to wavy bedding with a wavelength of 1 to 5 m.
The inorganic layers are of variable thickness (average is about 1 cm), but gradually decrease in thickness with increasing height in section. This thinning with greater elevation is the most identi®able attribute of Facies C in section because it produces the characteristic appearance shown in Fig. 5 . The inorganic layers eventually thin to the point where rhythmite beds can no longer be distinguished and clastic sediments instead appear to contain ®ne parallel beds or laminae. These laminae eventually become so ®ne that deposits take on the appearance of structureless organic-rich ®nes. The sediment-size characteristics of rhythmite beds vary between sites and within beds at one site. As a general rule they display neither ®ning nor coarsening-upward trends, though they do occasionally display sediment-size heterogeneity. There is no relationship between the sand content of rhythmite beds and their thickness. Bedding structures are rarely visible within beds but extremely ®ne parallel laminations within the inorganic layer are occasionally seen.
These deposits display local variability of bed thickness and composition. For example, with increasing distance away from the river mouth (toward the valley sides) the rhythmite beds gradually change in appearance. The inorganic component both thins and ®nes, and the organicrich layers become less clearly de®ned. In addition, towards the upstream limit of this facies the ®ne sediments may contain medium and coarse sand interbeds, as recorded at site 16 in Fig. 2 .
This silty rhythmite facies overlies Facies B at all locations (Fig. 2) in Squamish riverine estuary and delta. Along the lower 800 m reach of the riverine estuary (in sections exposed in the West Delta), Facies C is overlain by Facies D and separated by an abrupt contact as shown in sites 1±6 in Fig. 2 . At all other locations within the estuary Facies C is overlain by Facies E. The contact between these facies is gradational and can be dif®cult to locate in section but is primarily characterized by an increase in grainsize to a ®ne sandy-silt. With increasing distance upstream Facies C deposits thin and eventually pinch out around 3200 m upstream from Squamish River mouth, around site 17 in Fig. 2 .
Interpretation
Facies C rhythmites are tidal marsh deposits which formed within the interdistributary bay environments of Squamish delta. The gradual transition from Facies B to C records the vegetation of intertidal sand¯ats by salt-tolerant plants. This type of deposit has previously been described in some detail by Bouma (1963) , Evans (1965), and Red®eld (1972) . In Squamish delta, the inorganic layers were primarily deposited during combined¯ood and high-tide periods over summer months when tidal amplitudes were greatest, riverine discharge and suspended-sediment concentrations were highest, and when vegetation cover was greatest. The very ®ne laminae within beds indicate that sedimentation took place over many of these combined¯o od events. Arti®cial marker beds placed within the lower West Delta marsh over the summer of 1992 recorded the deposition of thin ®lms of sediment over one tidal cycle. These markers became completely covered after 5 days (Gibson, 1994) .
The¯at organic mats of the sedge Carex lyngbyei were produced by the death and collapse of marsh vegetation in late autumn. This vegetation lay¯at on the delta surface and gradually became covered with material as sedimentation from suspension continued. This process was repeated each autumn, so each rhythmite bed is an annual deposit, and these can be counted to determine the age of Facies C deposits. At their thickest point these tidal marsh rhythmites were deposited over % 150 years.
The decrease in bed thickness with increasing elevation has previously been associated with an up-section increase in organics (Yeo & Risk, 1981) . It is important to note, however, that any increase in organics is largely relative, and primarily driven by a decreasing inorganic input to the marsh system, rather than increasing vegetation density or biomass production. The decreasing sedimentation rate is primarily caused by the decrease in depth and duration of tidal oodwaters over the marsh system. The change in rhythmite appearance away from the river (laterally) is caused by at least two factors. Firstly, the sediment ®nes because¯ows within tidal channels are largely incapable of transporting sand. Secondly, the organic layers have less distinct boundaries because of changes in the dominant marsh vegetation towards the wetter and more saline tidal channels.
The wavy or undulatory character of tidal marsh rhythmite beds is produced in a number of ways. It is partly inherited from the uneven surface of Facies B and is partly produced by local variability of marsh sedimentation rates. In addition, this bedding form is also produced by the settling of the marsh in response to continual wetting and dewatering caused by tidal¯ux. This settling process is particularly important in areas close to river banks, where water¯ux within the marsh sediments is greatest. Differential settling may also be induced by the build-up and escape of gasses which are produced as marsh organics decompose. The bedding form that these processes combine to produce is not wavy bedding as de®ned by Reineck and Wunderlich (1968) , despite the visual similarity in places. Given the potential for confusion, the bedding form of Facies C deposits is termed`undulatory'.
Facies D: Sandy rhythmites
Facies D deposits comprise alternating layers of medium to coarse sand (with some silt), and layers dominated by an organic mass. The organic-rich layers are dominated by a mass of small root systems and stems of the Carex lyngbyei sedge which bind the sands. They have illde®ned boundaries but are much thicker (% 5 cm average thickness) than the organic layers in Facies C. As the organic-rich layers are poorly de®ned it is almost impossible to determine their exact number. At one location 16 beds capped by an organic mass were counted, but we consider this an underestimation of the true number present. The coarse inorganic layers vary between 2 and 15 cm thick and have thin rootlets running vertically throughout them. They contain parallel bedding and display sediment-size heterogeneity; material may vary from silt to a very coarse sand with either gradual or abrupt bedding contacts. Changes in sediment-size within beds show no cyclicity or rhythmic alternation from ®ne to coarse material as noted in Facies B. Facies D sediments ®ne with increasing distance upstream but are always coarser than the underlying sediments of Facies C.
Where these deposits are present they always overlie the silty rhythmites of Facies C, and form the uppermost deposits in the sequence. The contact between Facies C and D is abrupt and sharply de®ned as material changes from silty clay to coarse (often oxidized) sand, but this contact is not erosional. This facies is only found along the lower 800 m reach of Squamish riverine estuary, and only within sections exposed along Squamish West Delta. They pinch-out just upstream of site 6 in Fig. 2 .
In longitudinal section along the axis of the estuary, this facies is lenticular in shape, as shown in Fig. 2 . It is thickest (134 cm) near site 2, a point 200 m upstream from the river mouth, decreasing in thickness in both upstream and downstream directions (Fig. 2) . The three-dimensional form of this facies is known from examination of tidal channel banks. These reveal that the large rhythmites do not extend to the back of the West Delta (toward the valley wall) where only Facies C rhythmite beds are present.
Interpretation
Facies D deposits are genetically related to those of Facies C, and formed in channel-proximal locations within the West Delta interdistributary environment. Each of the indistinct beds (capped with an organic mass) within this facies is an annual deposit, and so this facies formed over a minimum 16-year period. The differences between the rhythmite beds of Facies C and D are their thickness and sediment-size. The abrupt change from silty-clay to sand indicates that energy conditions increased dramatically and rapidly at all locations where Facies D is present. The abrupt transition between these two facies, dated by the manufacture date of three bottles found within Facies C deposits and by known annual rates of sedimentation (Gibson, 1994) , occurred in the early 1970s.
All sedimentological, photographic and historical evidence and contemporary accretion data indicate that this transition was arti®cially forced by construction of a river training dyke in Squamish estuary. This construction, which was completed in 1972, has led to the formation of an anomalous coarse-grained sedimentary sequence within the West Delta tidal marsh (Gibson, 1994) . This anomalous sequence has primarily been produced by the reduction of effective channel and¯oodplain widths along the lower reach of Squamish River. The dyke now prevents¯ow from entering the central distributary channel during periods of river and tidal¯ood, forcing it instead through a single channel to the western side of Squamish delta (Fig. 1) . Along lower reaches of the riverine estuary the effective channel and¯oodplain widths have been reduced by around 40% and 60%, respectively (Gibson, 1994) . This¯ow constriction appears to have increased the velocity of¯ow entering the West Delta environment and increased the depth and duration of inundating waters.
The internal bedding characteristics of these deposits show that sandy rhythmite beds formed over a number of events of differing intensity. As the sediments within Facies D are very sandy, deposits are well-drained and become partially aerated during low-tide periods which allows partial oxidization of sediments.
In longitudinal section Facies D is lenticular; the upstream thinning is related to the height (age) of the marsh surface while the downstream thinning re¯ects decreased riverine in¯uence close to the river mouth. With time, the zone of maximum facies thickness will shift seaward. In lateral section, Facies D is wedge-shaped, being thickest toward the river and thinning toward the valley wall. This thinning is produced by the decreasing¯ow velocities toward the centre of the marsh; much of the sand component of the suspended-sediment load settled to the delta surface within a few metres of the river. Toward the back of the delta,¯ows can only transport small amounts of ®ne sand so that the sandy rhythmites of Facies D grade laterally into the silty rhythmites of Facies C.
From this discussion of facies geometry and sediment-size characteristics, it seems clear that Squamish River is building a levee along the lower 800 m of the West Delta in response to the forced changes in river¯ow. Where Facies D deposits are thickest, marsh accretion averaged 1á6 cm year A1 prior to 1972 but increased to 6á7 cm year A1 after dyke construction.
Facies E: Parallel-laminated sand with peds
The material within Facies E generally is a ®ne to medium sand, though locally it may contain considerable amounts of silt. It is often dif®cult to detect bedding within these sediments, but very ®ne wavy parallel bedding is visible in places. These deposits are characterized by ped development, and so have an open framework produced by the pore spaces between peds. The formation of peds within this material gives it the appearance of a sandy soil as shown in Fig. 5 where Facies E sediments form the uppermost deposits in section. At a number of locations the sediments of this facies coarsen-upward from a very silty sand to a pure sand. Sediments often contain orange mottles, particularly toward the top of facies, and roots are found throughout. These roots, unlike those observed in Facies C, are larger, more extensive systems running vertically through the sediments. This facies gradationally overlies Facies C (Fig. 2) and contains interbeds of Facies F and G, which are coarser and ®ner than Facies E sediments, respectively. Contacts between Facies E, F, and G are always abrupt and those between Facies E and F occasionally are erosional. Because of this interbedding it is dif®cult to assess the thickness of Facies E but the three interbedded facies range in thickness from 30 to 73 cm. These deposits may form the uppermost deposits in section or may be overlain by Facies F or G. They are present throughout the central portion of the riverine estuary between sites 6 and 17 in Fig. 2 .
Facies E deposits represent the initial transition from delta plain to alluvial plain. They display the increasing energy conditions associated with decreasing tidal in¯uence as the delta plain surface accreted. The separation of this facies from Facies C is based on the change in sedimentsize characteristics and organic content.
Bedding within this facies is the same as that within the upper limits of Facies C. These very ®ne parallel laminations suggest that the main mechanism of deposition (the settling of material from suspension) remains the same through the Facies C to E transition. This gradual accumulation of material produces bedding which parallels the form of the marsh surface, resulting in the formation of undulatory bedding. With increasing height of the land surface, tides less frequently inundate the marsh surface, and are only able to in¯uence sedimentation during periods of high river¯ow. These higher discharges introduce coarser material to the marsh/interdistributary bay environment. The increase in sand content, combined with decreasing periods of inundation, permit the establishment of less saline-tolerant (non-halophytes) vegetation cover. These plants (which may include shrubs and trees) do not die during the winter, so¯at organic-rich layers (as seen in Facies C) are not produced. Instead, plants are able to spread their root systems throughout the sandy substrate. As sediments also become more aerated, mottles begin to develop as sediments become partially oxidized. As the land surface is raised further, pedogenic processes result in the aggregation of material into soil peds.
Facies F: Ripple-bedded sand
This facies consists of numerous beds separated by reactivation and, more commonly, erosional surfaces. Sediment ranges in size from ®ne to coarse sand; silt is entirely absent. Beds contain ®ne parallel bedding which may be near horizontal, wavy bedding, and climbing ripple lamination. Climbing ripples develop from near-horizontal parallel beds, and both in-phase and indrift (McKee, 1965) forms are present. The sand commonly contains ®ne organic litter which is concentrated in ripple foresets or forms ®ne laminae within the parallel, wavy bedded sand.
Facies thickness is highly variable, though generally increases in thickness up-estuary, where it may exceed 115 cm; for example, at site 18 in Fig. 2 . The deposits of Facies F are interbedded with those of Facies E and G, and form the uppermost sediments at all locations upstream from site 11 in Fig. 2 . All contacts are abrupt, and lower contacts occasionally are erosional. These deposits often are underlain by a well developed root horizon, as seen at site 17 in Fig. 2 , and this may be up to 10 cm thick.
Interpretation
The sand of Facies F was deposited during large riverine¯oods. The presence of climbing ripple lamination indicates that deposition was derived from both bed load and suspension from waters which inundated this¯oodplain surface. The changing character of bedding within this facies from a lower plane bed to climbing ripple lamination indicates¯uctuating energy conditions produced by waxing and waning¯oodwa-ters. This¯uctuation may have been partly controlled by tidal¯ux, though these deposits show no conclusive sedimentological in¯uence of tides. Floodwaters occasionally were powerful enough to erode the upper deposits of Facies E.
Despite the fact that Facies F deposits dominate sequences throughout upper reaches of the riverine estuary, they are likely produced by a small number of large¯ow events. For example, the uppermost unit of Facies F between sites 11 and 17 (Fig. 2) was deposited during one¯ood event in October 1984. A¯ood of this magnitude has a recurrence interval of around 35 years and exceeded bankfull capacity for at least 3 consecutive days (Hickin & Sichingabula, 1988) .
The upper unit of Facies F is up to 40 cm thick at site 15 but further upstream the thickness of this channel bedform deposit increases to at least 115 cm at site 18. Around sites 18±20 the¯ood-plain surface is gently undulating, re¯ecting the transport and deposition of large dunes across thē oodplain. These dunes are up to 115 cm in amplitude and have wavelengths of around 30 m. These deposits are underlain by an organic horizon (primarily leaf litter) which is the pre1984¯oodplain surface. Similar bedforms are observed on the¯oodplain surface for another 1800 m downstream from this point, but are smaller in size. The decreasing thickness of Facies F downstream partly re¯ects the dampening of riverine¯ood¯ows by tidal modi®cation, and partly is produced by the increasing¯ood-plain width downstream. Where sand dune amplitudes exceed 1 m the¯oodplain is 540 m wide but further downstream where dune amplitudes are only 5 cm, the¯oodplain widens to 590 m.
Facies G: Parallel-laminated silt and clay
Deposits of this facies are only found within the middle part of the riverine estuary between sites 12 and 16 (Fig. 2) . The sediments of Facies G are silt and clay containing very ®ne, parallel, nearhorizontal laminations. This material often is detectable by its pink colour, and may contain ®ne laminae of coffee-ground organics.
Deposits of this facies are only thin ± up to a maximum of 8 cm, and may not be present in section. They are found interbedded with the sands of Facies F, and may be traced upstream to downstream for hundreds of metres. The upper and lower contacts of this facies are always abrupt, though never erosional.
Interpretation
These sediments are overbank ®nes deposited on the¯oodplain from suspension in slow-moving shallow waters. The depth of the water column over the¯oodplain surface may only have been a few cm. Such small depths and low velocities would allow silt and clay to be transported onto the¯oodplain, but would transport little sand. Field observation suggests that the sedimentation of these ®nes occurs during high-tide periods over the summer months when river stage is highest.
Despite the fact that the above interpretation states the importance of tidal¯ux to the deposition of these sediments, there is no unequivocal sedimentary evidence that these deposits are tidal in origin.
DISCUSSION

Formation of Squamish estuary sequences
The deposits described here formed within an environment which was very similar to the present estuarine reach of the river. The sedimentological evidence suggests a relatively stable distributary channel system, a setting very similar to the contemporary distributary system. Aerial photographic and early map evidence show that the present channel location and pro®le have changed little over the past 100 years, with the exception of some human-induced change. No evidence of abandoned and ®lled channels was found in sequences so the exposed deposits appear to be related to the present estuarine channel. Whether the deposits are related to the present distributary or a previous one is not important, however. The critical point is that sedimentation was orientated parallel to the axis of the valley. The deposits under examination in this study are the product of the present tidal gradient.
All evidence indicates that Squamish estuary sedimentation was largely driven by delta progradation followed by aggradation within interdistributary bay environments. Analyses of bathymetric charts of the delta front between 1930 and 1984 reveal that Squamish delta is prograding into Howe Sound fjord at an average rate of about 4 m year A1 (Hickin, 1989) . A radiocarbon date of 620 55 years BP (Simon Fraser University Radiocarbon Laboratory Sample # SFU-711) on whole wood located 15 m below the delta surface at the location shown in Fig. 1 , indicates that this contemporary rate of delta progradation is likely representative of the mean rate applicable during the last 600 years (Hickin, 1993) . This evidence also implies that all the sediments described in this study are less than 1400 years in age.
Facies A sand and gravels were deposited by Squamish River¯ow within sand bar complexes at the head of the prograding delta. They may also have been formed by channel migration and shallowing of the inner bank zone (point-bar formation), although this process will not produce laterally or longitudinally extensive deposits because of the lateral stability of the channel. Because of the slow rates of historic distributary channel shifting, the formation of Facies A by point-bar development is of minor importance.
As the sand bars aggraded to a point just above mean low-tide level,¯ows could no longer transport bed material as megaripples or dunes. Above low-tide level, river¯ow became greatly modi®ed by tides and aggradation of ®ner material continued mainly from suspension. This change in the dominant mode of sediment deposition produced an abrupt contact between the sand and gravel of Facies A and the overlying ®ne sand and silt of Facies B. There is no indication that this contact was produced by channel avulsion. Facies B deposits are intertidal sand¯ats which developed along the seaward edge of the delta within interdistributary bay environments.
With continued aggradation of the intertidal sands of Facies B the upper surface became increasingly exposed to subaerial conditions, eventually permitting colonization by halophyte plant species. As vegetation became more established over the ®rst years of marsh formation it promoted an increased sedimentation of ®nes, primarily by baf¯ing¯ows. In this way the intertidal sands of Facies B graded into the tidal marsh deposits of Facies C. In section this is seen as a ®ning-upward trend and an up-section increase in the thickness and continuity of organic layers. The transition from intertidal sand¯at to tidal marsh is a process that continues to occur in Squamish delta, and is recorded on sequential aerial photographs dating from the 1940s.
With increasing age of the tidal marsh, the elevation of the surface was raised (primarily through suspended-sediment accretion), and sedimentation rates gradually decreased as the marsh became inundated less frequently. As the thickness of sediment deposited each year decreased, the distinct annual marsh rhythmite bedding became less visible and eventually was no longer apparent. In this particular environment, the decreasing annual sedimentation rate became evident after %30 years. After %120 years the annual marsh beds became so thin that they could no longer be detected by the unaided eye. The point at which these tidal marsh rhythmite beds are no longer detectable represents the transition from low to high marsh (Martini, 1991) .
As the marsh surface continued to accrete there was an associated decrease in the frequency and depth of tidal inundation which led to drier, less saline conditions. These changes permitted a vegetation succession to less saline-tolerant grass and shrub, and this marked the transition from tidal marsh (Facies C) to emergent alluvial plain (Facies E). As the marsh surface was raised, Squamish River exerted stronger control on sedimentation within the interdistributary bay environment because the marsh was only inundated when Squamish River was in¯ood. These higher river discharges introduced a greater amount of sand into the marsh environment, so sediment texture coarsened over the transition from Facies C to E.
With increased elevation of the delta/¯ood-plain surface the mean annual sedimentation rate decreased to a negligible level. Despite this low average rate, however, certain high-magnitude, low-frequency river¯oods deposited thick units of sand (Facies F) which presently are the uppermost deposits in sequence. Many of these sands were deposited by a single¯ood event (35 year recurrence) that occurred in 1984. Facies G sediments are only present at isolated locations throughout the estuary, and were deposited by shallow, slow-moving waters which inundated the¯oodplain surface during combined high-tide and high river stage.
The changing character of deposits along the tidal gradient All seven facies examined here are tidal in origin in the sense that they were laid down within Intertidal estuarine sedimentology 1043 waters subject to tidal¯ux. If these deposits were seen out of the present estuarine context, however, only the deposits of Facies B and C could be interpreted as tidal on the basis of sedimentology. The tidal characteristics of Facies B sediments are the occasional presence of shells and the sedimentary record of tidal cyclicity produced by rhythmically interlayered sand and silt/clay. The tidal characteristics of Facies C are the presence of marine and brackish-water¯oral species in discreet layers which produce the characteristic annual rhythmite bedding of tidal marsh deposits.
In the long term these tidal deposits have a very low preservation potential because the delta will continue to prograde and these deposits will eventually be reworked by the high-energy Squamish River as it migrates within this steep, laterally con®ned valley. Facies B and C will not be fully preserved in stratigraphic sequence in this environment. Despite this, deposits of Facies C will become incorporated into the fjord deltaic sequence as large coherent blocks (several metres in diameter) which become eroded along channel banks. These blocks will form a lag at the base of Facies A, or will be transported out to the delta front environment and become incorporated into the foreset beds as the delta progrades.
Below we present results of an examination of the character of estuary facies and sequences, and their changing character away from the river mouth. This examination is conducted in two ways: ®rstly we examine up-estuary variability within Facies B and C (which display evidence of tidal origin), and secondly we examine sedimentary sequences for broad-scale changes in facies character, position in sequence, facies associations, and bounding surfaces.
Observations from tidal Facies B and C
Facies within Squamish estuary display local differences in character which re¯ect small-scale variability of depositional process and sedimentation rate, as has been noted in other estuaries (Land & Hoyt, 1966; Terwindt, 1971; Howard & Frey, 1973; Goldring et al., 1978; Jouanneau & Latouche, 1981; Syvitski & Farrow, 1983) . In addition to these local in¯uences, however, there are more orderly changes which appear to be driven by location along the tidal gradient, and these are most easily detected in the deposits of Facies B and C.
Deposits of Facies B display evidence of decreasing tidal in¯uence with increasing distance from the river mouth. One such change is in the character of bedding. In bank sections along the lower 1500 m of the estuary (Sites 1±9 in Fig. 2 ) Facies B deposits comprise ®ne rhythmically alternating sand and silt/clay laminae, but with increasing distance up-estuary these deposits show less rhythmicity and regularity. The thickness of sand beds gradually increases and the number and thickness of silt/clay laminae and beds decreases. Toward the landward limit of Facies B (3200 m up-estuary) the sediments still display thin parallel bedding, but contain no clay and little silt, and bedding shows no rhythmicity or cyclic variation from coarser to ®ner materials. In addition, the sand beds within Facies B in lower estuary reaches are parallel or slightly wavy bedded, with occasional preserved ripple foresets. Further upstream these sand beds typically comprise climbing ripple lamination indrift.
Facies C deposits display similar changes of sediment-size and bedding characteristics with increasing distance away from the river mouth. As with the example above, changes in these characteristics are very gradual (undetectable over distances less than several hundred metres), and can be masked by local variability. Facies C tidal marsh deposits display evidence of the relative degree of tidal or riverine in¯uence at the time and location of their formation. As a general rule, the sediment-size of marsh rhythmites increases with greater distance upstream. Within West Delta bank sections (sites 1±9 in Fig. 2) , rhythmite beds contain ®ne sandy silt with clay. Clay content may exceed 33% of bed composition (by weight), and beds rarely contain less than 10% clay. Further upstream (around sites 10±17) the rhythmite beds contain less clay (2% maximum), and toward the upstream limit of their extent they are dominated by ®ne, and even medium sand.
In addition to these changes in sediment-size, tidal marsh rhythmite beds display variable thicknesses throughout the length of the riverine estuary. Rhythmite beds generally decrease in thickness with increasing distance upstream. Beds exposed at sites 11±17 are distinctly thinner than those exposed at sites 1±9. This decreasing thickness partly re¯ects the decreasing tidal amplitude caused by river slope, but more importantly it re¯ects the decreasing modi®ca-tion of river¯ow by tides away from Howe Sound fjord. As tides are less able to slow Squamish¯ow, particularly close to and during high-tide, fewer ®nes are deposited from suspension.
Observations from sedimentary sequence
Changes in Squamish estuary facies sequences along the tidal gradient are recorded in the longitudinal section of estuary inter-and supratidal stratigraphy. These changes are shown in Fig. 2 for representative sites. It is evident from Fig. 2 that sequences along much of the estuary are characterized by thick deposits of ®ne-grained material. Facies B, C and E comprise about 70% of the inter-and supratidal sequence thickness within the lower estuary (sites 1±9). This is because the dominant mode of deposition within interdistributary bay environments is from suspension (Dalrymple et al., 1991) . The thickness of ®ne-grained deposits is a common characteristic of tidal environments (Barwis, 1978; Thomas et al., 1987) , and may be a useful environmental indicator to differentiate¯uvial deposits from tidally in¯uenced river deposits (Smith, 1987) . Overbank ®ne-grained deposits in¯uvial environments generally do not attain such great thickness because of differences in depth-velocity relationships between¯uvial and tidal zones (Barwis, 1978) .
With increasing distance upstream from the river mouth, sedimentary sequences coarsen, as noted elsewhere by Howard and Frey (1973) . This is partly evident in Fig. 2 which shows that the ®ne-grained deposits of Facies C and E thin with increasing distance upstream and eventually pinch-out. The decreasing thickness of these overbank ®ne deposits is produced by the decreasing amplitude of tidal¯ux away from Howe Sound, and decreasing modi®cation of river¯ow by tides. In addition to this upstream thinning the sediments within Facies C and E coarsen away from the river mouth.
Another important characteristic of lower estuary sequences is that they display simple, predictable facies successions. The lower estuary sequences show a succession from basal sand and gravel (Facies A) to intertidal sands (B), tidal marsh (C), to an emergent¯oodplain (E) or a succession from Facies A, B, C, to Facies D where the anomalous levee deposits are present. These simple sequences, where facies succeed one another in a predictable fashion are not, however, observed in all parts of the estuarine reach of Squamish River. In mid-estuary reaches (sites 10± 17 in Fig. 2 ) facies transitions are no longer predictable, because they are disrupted by episodic injections of coarser material. These coarser deposits form interbeds within facies, as seen at site 16 in Fig. 2 .
In contrast to the mid-estuary reach, upper estuary reaches (from site 18 to the upstream limit of the estuary) again show simple, predictable sequences. The only facies that are present between points 3200 m and at least 5500 m upstream from the river mouth are Facies A and F. Estuary sequences become far more complex in that portion of the estuary where the relative dominance of river and tides is changing. The increasing complexity of sequences within this mid-estuary zone re¯ects the increased interaction of riverine and tidal energy¯uctuations which may be either rhythmic or episodic (Thomas et al., 1987) . The coarse sand interbeds are the product of episodic¯uctuations from large river¯oods. As tidal in¯uence lessens, both rhythmic (snowmelt-induced daily¯uctuation in discharge) and episodic (storm-induced¯ood) uctuations in river¯ow become so large that the depositional product of tidal rhythmic¯uctua-tions (Facies B and C) either become eroded or fail to form at all.
The erosional force of riverine¯ood events is seen from the nature of facies transitions within mid and upper reaches of the estuary around sites 11±20. Where Facies F is present its contacts are always abrupt, and most often erosional. In lower estuary locations where tides exert a greater degree of control however, facies transitions most commonly are gradational. Such transitions are highlighted by those changes from Facies B to C, and C to E. While abrupt transitions are found along the lower reaches of the estuary, these are associated with Facies A and D which essentially are¯uvially derived. It seems from this that the nature of contacts between facies and also between beds within facies may be useful as an indicator of the relative in¯uence of river and tides on sediment deposition.
The nature of bedding within facies may provide further evidence of the relative dominance of river or tides at different locations within the riverine estuary. Bedding within the mid and lower estuary (sites 1±16) commonly displays an undulatory or wavy form produced by processes which operate during and after sediment deposition. As tides exert less in¯uence on sedimentation (visible both up-estuary and upsection), facies display less of this characteristic bedding form.
Although the nature of facies contacts and bedding may be a useful indicator of the relative degree of tidal in¯uence, these data by no means provide proof of tidal environment. The presence of gradational contacts within simple sequences Intertidal estuarine sedimentology 1045 which display undulatory or wavy bedding should only be taken as possible evidence of tidal in¯uence.
Zonation of Squamish estuary
In the past, a number of authors have attempted to delineate estuarine subenvironments based on morphologic regions, sedimentary structure, or biologic character (e.g. Do È rges & Howard, 1975; Greer, 1975; Jouanneau & Latouche, 1981; Dalrymple et al., 1990; Allen, 1991; Nichols et al., 1991) . One common theme of these proposed schemes is that they are based (at least initially) on morphologic divisions of the estuary. Once the morphologic zones have been determined researchers then identify characteristic sediment texture and structures within each zone. Sedimentary sequences display gradual changes throughout the length of Squamish riverine estuary, but these occur without an associated change in channel morphology; the estuary is always single channel meandering, and displays only a minimal estuarine funnel (Fig. 1) .
Squamish River estuary has been divided into four distinct zones (in Fig. 6A ) based on the sedimentological and stratigraphic evidence presented here. Figure 6B shows the typical sedimentary sequence appearance within each of these zones and also shows a graphic representation of the relative in¯uence that tides appear to exert on sediment deposition. The upstream boundary of zone I marks the upstream limit of tidal¯ux (the limit of the riverine estuary), while the downstream boundary of zone IV marks the seaward limit of intertidal deposits. The boundaries of all zones identi®ed here are dynamic features in the long term, and will shift seaward as Squamish delta progrades.
Zone I includes sites 20+ (Fig. 2 ) and extends from the upstream limit of tidal deposits to the upstream limit of tidal¯ux (around 3300 m to 5500 m upstream from the river mouth), and represents that portion of the estuary where tides have no detectable in¯uence on sedimentation. Within this zone facies sequences are simple; only deposits of Facies A and F are present. Zone II includes sites 11±19 (Fig. 2) and extends from the upstream limit of tidal deposits to the point where the sandy deposits of Facies F are ®rst observed in sequence (around 1500 m to 3300 m upstream). This zone is highly transitional; both uvial and tidal processes in¯uence sediment deposition and sequence attributes, and this has produced a highly complex stratigraphy that includes Facies A, B, C, E, F and G. Zone III includes sites 7±10 and extends from the downstream limit of Zone II to the point at which Facies D deposits are ®rst observed (around 800 m to 1500 m upstream). This zone represents that region where river¯ow is considerably modi®ed and slowed by tides and where tidal processes dominate the deposition of sediments. Facies sequences in this zone are far more simple and predictable and include only Facies A, B, C and E. Zone IV includes sites 1±6 (Fig. 2) and extends from the downstream boundary of Zone III to the seaward limit of intertidal deposits (around 0 m to 800 m upstream). This zone contains Facies A, B, C and D, and is perhaps unique to this environment as it records an increasing¯uvial in¯uence (in contrast to the transition from zones I to II to III) with increasing proximity to the river mouth. This increase has been induced by a river training dyke and the associated reductions in¯oodwater storage capacity (Gibson, 1994) .
CONCLUSIONS
Squamish estuary sedimentology
Inter-and supratidal delta and¯oodplain sequences were examined at 52 river bank sections throughout the 5500 m estuarine reach of Squamish River and at several other locations within Squamish delta. Seven distinct facies have been identi®ed within these sequences, and these have been labelled Facies A to G from bottom to top. A summary description and interpretation for each facies is provided in Table 1 .
The bank sections along the estuarine channel and in tidal channels across the delta show sequences which provide a strong relative chronology based on stratigraphic position. The sequences show a transition from subtidal sandbars to intertidal sand¯ats, to low and high tidal marsh, to emerging alluvial plain and lastly to true¯oodplain. The deposits of Facies A primarily formed as sand bars along the seaward edge of the delta which presently is prograding into Howe Sound fjord at around 4 m year A1 . Aggradation of these sand bars continued in interdistributary bay environments as intertidal sand¯ats developed. Most facies transitions were driven by changes in the elevation of the interdistributary surface, which drove changes in the relative in¯uence of river and tides. For example the transition from Facies A to B occurred because tides modi®ed and retarded river¯ow to a greater extent in the intertidal domain than in the subtidal domain. The transition to Facies C occurred at that elevation which permitted the colonization of halophyte plant species. The transition from Facies C to E records a gradual decrease in tidal in¯uence as the marsh surface reached the level of normal high-tide. With increasing height above this level facies record a negligible in¯uence of tides.
Deposits of Facies D produce an anomalous sequence which is only present along lower reaches of Squamish West Delta. This coarsegrained layer of crude rhythmite beds is a levee deposit which re¯ects the depositional response of Squamish River to¯ow modi®cation. Channel and effective¯oodplain widths have been reduced by a river training dyke which was completed in 1972. This channel constriction has also caused rates of tidal marsh accretion to quadruple (Gibson, 1994) . This river training may also have led to accelerated deposition of Facies F sands, but has played no part in the formation of any other facies under investigation here because these deposits were laid down prior to 1972.
All facies identi®ed in this study formed within an environment subject to tidal¯ux, but few of these deposits display sedimentological evidence of their tidal character. Of the seven facies identi®ed in this study, only the intertidal sands (Facies B) and tidal marsh rhythmites (Facies C) display sedimentological or stratigraphic evidence of tidal origin or in¯uence.
The intertidal sands of Facies B comprise ®ne rhythmic alternating sand and silt/clay laminae which are produced by tidal¯ux, and which appear in places to display neap-spring tidal cyclicity. Deposits within lower reaches of the estuary also contain occasional shells. The tidal marsh rhythmites of Facies C contain marine and brackish-water¯oral species in discrete layers.
These alternate with ®ne-grained inorganic layers to produce annual beds which decrease in thickness up-section. This up-section thinning produces the characteristic appearance of tidal marsh deposits.
Sedimentary evidence of the¯uvial/tidal transition along the estuarine reach
The inter-and supratidal facies exposed along Squamish River estuary record gradual changes in the relative in¯uence of river and tides on sediment deposition throughout the riverine estuary. An examination of broad-scale sedimentological and stratigraphic changes along the tidal gradient has yielded evidence of the transition from¯uvial to marine environments. The main results of these investigations are summarized in Table 2 .
The estuarine reach of Squamish River has been divided into four zones based on the sedimentological and stratigraphic evidence reported in this paper. The gradual changes noted both between and within these zones are produced by correspondingly gradual changes in the relative in¯uence of river and tides on sedimentation throughout the estuary. Under normal conditions this riverine estuary would display evidence of increased modi®cation of river¯ow by tides with greater proximity to the fjord, and this trend is noted within three of the four zones identi®ed (Zones I, II, and III). This trend is reversed in the lower estuary (Zone IV), however, where sedimentation is primarily driven by the river. This reversing trend is speci®c to this location and has been arti®cially induced by dyke construction.
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Characteristic appearance of lower estuary sequences · Lower estuarine sequences are characterized by thick, laterally and longitudinally extensive deposits of ®ne-grained overbank deposits, primarily those of Facies C and E. This re¯ects the fact that deposition within this and most tidal environments occurs primarily from suspension · Sequences within the lower estuary reveal simple, predictable facies successions between a limited number of distinct facies (Facies A®B®C) · The dominant bedding form is ®ne parallel wavy or undulatory bedding, and beds commonly comprise ®ne parallel laminae · Sequences display ®ning-upward trends produced by the transition from Facies A through B to C · Facies contacts most commonly are gradational, as highlighted by the transitions from Facies B®C and C®E · Facies B deposits display tidal bedding produced by the rhythmic alternation of sand and silt/clay laminae. Thick clay laminae and clay-rich beds are present · Facies C deposits comprise relatively thick (up to 4 cm) annual rhythmite beds which are visually distinct. These beds are composed of ®nes, and may contain up to 33% clay Changes in sequence character with increasing distance upstream · The ®ne-grained overbank deposits of Facies C and E become thinner and eventually pinch-out around 3200 m upstream. Upper estuary sequences have a greater mean grain-size · As tidal in¯uence lessens upstream from the fjord, sequences become more complex. Facies successions become less predictable as a greater number of facies are present but are not necessarily in constant position in relation to each other. The ®ne-grained deposits often become interbedded with coarse sands which are deposited by episodic river¯oods · The dominant form of bedding changes from wavy or undulatory to higher-energy bedding forms such as climbing ripple lamination. These changes re¯ect the decreasing importance of suspended-sediment deposition as energy conditions increase up-estuary · In contrast to the ®ning-upward sequences of the lower estuary, mid-estuary sequences become capped by Facies E and F and coarsen-upward. Upper estuary sequences comprise only the gravels and sands of Facies A and F · With increasing dominance of river over tides the facies contacts change from gradational to abrupt and occasionally erosional, as highlighted by the bounding surfaces of Facies A, D and F · Facies B deposits lose their characteristic tidal bedding form as sand beds increase in thickness and as silt/clay beds decrease in both number and thickness. As sand content increases it also coarsens with increasing distance upstream, and displays a greater occurrence of ripple bedding forms instead of the ®ne parallel bedding found in the lower estuary. All rhythmic alternation of sand and silt/clay is lost · Facies C rhythmite beds gradually decrease in thickness with increasing distance upstream to the point where distinct annual beds are no longer visible. The grain-size of beds increases upstream and may contain little or no clays
